During its life cycle, Caulobacter crescentus undergoes a series of coordinated shape 25 changes, including generation of a polar stalk and reshaping of the cell envelope to 26 produce new daughter cells through the process of cytokinesis. The mechanisms by 27 which these morphogenetic processes are coordinated in time and space remain largely 28
Introduction 70
Bacteria are capable of adopting an impressive array of shapes exquisitely tuned for their 71 particular environmental niches. Underpinning these shapes is the bacterial cell wall, 72 which plays an essential role in specifying and maintaining diverse morphologies [1] . 73
The cell wall consists of a layer of peptidoglycan (PG) composed of glycan strands of 74 repeating disaccharide subunits crosslinked by pentapeptide bridges. In addition to 75 adapting to changing environments, the PG also undergoes dynamic remodeling to drive 76 shape changes during dedicated cellular processes such as division [2, 3] . 77
78
The α -proteobacterium Caulobacter crescentus is an ideal model organism for the study 79 of cell shape as it undergoes a series of coordinated morphogenetic changes during its 80 cell cycle. After every division event, C. crescentus produces two distinct daughter cell 81 types. One is a flagellated, motile swarmer cell, which contains a flagellum and pili at 82 one cell pole [4] . The other is a sessile stalked cell, where the polar flagellum has been 83 replaced by a thin, tubular extension of the cell envelope known as a stalk [4] . Unable to 84 8 Z-rings [13] [14] [15] . Specifically, in ∆ ftsE cells FtsZ is more diffuse and often localizes as 161 clusters of puncta instead of focused Z-rings (Fig 2) [15] . These data suggest that FtsE 162 may regulate early Z-ring structure and/or assembly. Consequently, we tested if ftsE 163 interacted genetically with the positive Z-ring regulator zapA, which, like FtsE, is also 164 recruited early to midcell by FtsZ in C. crescentus [17, 14] .
∆ zapA∆ftsE cells displayed 165
mild synthetic growth and cell length defects, but had severely disrupted, diffuse Z-ring 166 structures (Fig 2) . We also observed that ∆ zapA∆ftsE cells were very sensitive to even 167 slight increases in FtsZ levels and were noticeably filamentous after only one hour of 168 ftsZ-cfp expression ( Fig 2D) . We conclude that FtsE contributes to proper Z-ring 169 focusing at midcell and that the elongated cell bodies in FtsZ. Overexpression of either ftsE or ftsEX caused dramatic filamentation, and 176 overexpression of ftsE alone also caused ectopic poles to form (Fig 3) . After four hours of 177 FtsE overproduction, instead of Z-rings, FtsZ-CFP formed discrete puncta along the 178 length of the filamentous cells (Fig 3A) . Interestingly, when we overproduced FtsEX, 179
FtsZ-CFP localized in a drastically different pattern, as multiple wide bands (Fig 3A) . C. 180 crescentus Z-ring positioning is in part dictated by a negative regulator of FtsZ assembly 181 called MipZ, which forms a complex near the origin of replication [18] . After the polar 182 origin region is duplicated, the second copy is quickly transported to the opposite cell 183 9 pole. Bipolar MipZ thereby directs Z-ring assembly at midcell by inhibiting FtsZ 184 polymerization at the poles [18] . MipZ-YFP localized at the poles and as fairly regularly 185 spaced puncta in cells overproducing FtsE or FtsEX, but its localization was more diffuse 186 in cells overproducing FtsEX (Fig 3B) . We interpret the MipZ localization data as 187 evidence that chromosomal replication and segregation still occur in cells overproducing 188
FtsE despite the inhibition of division; however high levels of FtsEX may interfere with 189 levels or localization of MipZ. 190 191 In C. crescentus, FtsZ directs new cell wall synthesis at midcell even before the onset of 192 division ( Fig 3C) FtsZ-depleted cells (Fig 3C) . This result suggests that the FtsZ puncta associated with 199 ftsE overexpression are unable to direct local cell wall metabolism. Cells overexpressing 200 ftsEX, however, had discrete, wide bands of new PG incorporation, likely directed by the 201 similarly organized Z-ring structures (Fig 3C) (Fig 4) . Depleting AmiC in ∆ ftsE or ∆ ldpF backgrounds caused 239 strong synthetic cell separation and growth defects, accompanied by noticeable 240 lengthening of the skinny connections between cell bodies, particularly in the ftsE mutant 241 (Fig 4) . Combining ∆ ldpF with loss of FtsE produced only mild synthetic growth and 242 chaining defects, which is consistent with them acting in a common pathway (Fig 4) (Fig 1) , electron cryotomography (ECT) allowed us to dissect the exact stages at 288 which these cells are blocked during division (Fig 6) . To capture the cell envelope 289 organization at the skinny cell-cell connections, we imaged cells lacking both FtsE and 290
AmiC since loss of AmiC exacerbates the ∆ ftsE chaining phenotype (Fig 4) . In five out 291 of six tomograms, we could identify with certainty the presence of all layers of the cell 292 envelope in the skinny connections between chained cell bodies (Fig 6) . Four of these 293 had obvious cytoplasmic volume between the unfused inner membranes. In at least one 294 example, however, the inner membranes were closely stacked on top of each other, but 295 not fused (Fig 6) . 296
In WT C. crescentus, the final stages of inner membrane fission are rapid, and the 298 smallest diameter for inner membrane connections that have been captured by ECT are 299 ~60 nm [31] . In cells lacking FtsE and AmiC with fairly uniform connections (Fig 6B,  300 D), we observed inner membrane diameters ranging from ~12 to 60 nm. Others were 301 more variable and had intermittent bulging, with inner membrane diameters ranging from 302 ~20 to 300 nm within a single cell-cell connection (Figs 6C, S3 ). This organization of the 303 cell envelope is strikingly different from other mutants deficient in cell wall hydrolysis. 304
E. coli cells lacking EnvC and NlpD or all four LytM-domain containing factors 305
complete inner membrane fusion and cytoplasmic compartmentalization, but struggle to 306 constrict their outer membrane due to a layer of intact PG between adjacent chained cells 307 [22] . Similarly, AmiC reinforced an observation we had previously made based on TEM of ∆ ftsE, 317 namely, the striking morphological similarities between the extended connections of ftsE 318 mutants and C. crescentus stalks (Figs 1, 6 ). In addition to sharing approximate widths 319 (~12-300 nm inner membrane diameter for the skinny connections; ~20-40 nm inner 1 5 membrane diameter for the stalks) and cell envelope organization, we occasionally 321 observed electron dense structures that spanned the short axis of the cell envelope of the 322 thin connections (Fig 6) . These structures were reminiscent of stalk cross-bands, 323 multiprotein assemblies that transect the stalk at regular intervals and function as 324 diffusion barriers to compartmentalize stalk and cell body periplasmic and membrane 325 proteins ( Figs 6A,C, D, S3 ) [33] . 326 327 Since stalk growth occurs by incorporation of new material at the cell body-stalk junction 328
[32], we monitored HADA incorporation at the extended constrictions of ftsE mutants. 329
In general, we observed incorporation of new cell wall material throughout the skinny 330 connections (Fig S4) skinny connections is an FtsZ-independent process similar to PG synthesis at the base of 336 the stalk (Fig S4) also enriched at the skinny constrictions in the ftsE mutant cells (Fig 7A) but was not enriched at the extended constriction sites (Fig. 7D) . Consequently, the 360 proteinaceous, envelope-spanning discs observed in the ftsE mutant by ECT (Fig 6) may  361 not, in fact, be cross-bands or may differ in molecular composition from stalk cross-362 bands. We conclude that the skinny connections share numerous morphological and 363 molecular similarities with stalks, but the two structures are not physically or 364 biochemically identical. 365
Discussion 367
The role of FtsEX in synchronizing PG remodeling with cell division appears to be 368 conserved amongst distantly related bacterial species such as E. coli, S. pneumoniae, and 369 M. tuberculosis, although the downstream adaptor or enzyme targets vary [7] [8] [9] [10] [11] . We 370 provide evidence that this paradigm also extends to the α -proteobacterium C. crescentus. 371
Our data indicate that FtsE is important for initial Z-ring assembly and regulates Z-ring 372 structure in a manner dependent on its stoichiometry with FtsX (Figs 2, 3, 8A) . Different 373 levels of FtsE or FtsEX not only affect FtsZ localization, but also FtsZ function, namely 374 its ability to localize incorporation of new cell wall material (Fig 3) . Additionally, our 375 data implicate FtsEX in a cell wall metabolic pathway involving LdpF and an 376 unidentified downstream cell wall factor regulated by LdpF (Fig 4, 8B) . Thus C. 377 crescentus FtsEX, similar to what has been proposed in E. coli, may synchronize PG 378 remodeling with Z-ring constriction during division [9] . ECT of the skinny connections 379 in ∆ ftsE revealed a cell envelope architecture remarkably distinct from E. coli hydrolase 380 mutants, however, and an overall morphology that was strikingly stalk-like (Fig 6) . colleagues examined in their study, only five displayed inner membranes with diameters 390 less than ~100 nm and the smallest inner membrane connection was 60 nm in diameter 391 [31] . ECT of cells lacking FtsE and AmiC with fairly uniform connections showed inner 392 membrane diameters ranging from ~12 to 60 nm (Fig 6) . Thus, the majority of cells 393 lacking FtsE and AmiC have inner membrane diameters that fall well below the lowest 394 threshold reported for inner membrane diameters at any stage of WT cell division. 395
Furthermore, WT cells spend a short amount of time in these late, transitional stages, 396 perhaps only a few seconds, and membrane topology changes very rapidly [31] . In the 397 case of ftsE mutant cells, the thin connections are abundant in a mixed cell population 398
and, based on their nearly abutting inner membranes, are likely blocked or delayed at a 399 terminal stage just prior to inner membrane fission. In WT C. crescentus, the 400 mechanisms underlying rapid terminal constriction and membrane fusion are unknown 401 [31] are not, in actuality, ectopic stalks forming at failed division sites: the spatial pattern of 454 PG incorporation is distinct from stalks, the diameters are not as homogeneous as for 455 stalks, and StpB does not localize at the skinny connections ( Figs S3, 6, 7) . We instead 456 favor the hypothesis that when 
Whole cell TEM 505
Cells from EG864 and EG1133 were grown in PYE and prepared for whole cell TEM 506 exactly as described [42] . 507
508

HADA labeling 509
Cells from strains EG213, EG379, EG864, EG930, EG1133, EG1252, EG1272, and 510 EG1863 were grown in PYE. HADA [20] 
Electron cryotomography (ECT) 525
For ECT imaging, strain EG1863 was grown in PYE with xylose. Once in log phase, 526 EG1863 was washed twice with PYE and resuspended in PYE without xylose to deplete 527 2 4
AmiC. EG1863 was then grown in PYE without xylose for ~6 h, transferred to an 528 eppendorf tube, and shipped on ice to Grant Jensen's lab at Caltech. The total amount of 529 time the cells spent on ice was ~24 h. We imaged and monitored CFUs of EG1863 cells 530 before shipment and after 24 h of incubation on ice and observed similar growth and 531 morphology. Upon arrival, 1 ml of the EG1863 culture was centrifuged at 3000 rpm for 532 5 min and resuspended in fresh PYE to a final OD 600 of ~8. This resuspension was mixed 533 with fiducial markers (10 nm gold beads treated with bovine serum albumin to prevent 534 aggregation) and 2 µl of the resuspension mixture was plunge-frozen on EM grids in a 535 mixture of liquid ethane and propane [44] . Images were acquired using a 300 keV Polara 536 transmission electron microscope (FEI) equipped with a GIF energy filter (Gatan) and a 537 K2 Summit direct detector (Gatan). Tilt-series were collected from -50° to +50° in 1° 538 increments at magnification of 22,500X using UCSF Tomography software [45] with a 539 defocus of -12 μ m and total dosage of 180 e -/Å 2 . Tomograms were calculated using 540 IMOD software [46] . 541 542
Protein purification 543
Rosetta pLysS E. coli cells containing overexpression plasmids for AmiC, LdpF, DipM, 544 and truncated LytM domain protein variants, all with a His 6 -SUMO tag fused to the N-545 terminus, were purified as described previously with minor changes [15] . Rosetta cells 546 containing the constructs were grown in 1 L of LB at 30°C to an OD 600 of 0.4 and then 547 induced with 1 mM IPTG for 4 h. Cells were collected by centrifugation at 6000 x g at 548 4°C for 10 minutes and resuspended in 40 ml Column Buffer A (CBA: 50 mM Tris-HCl 549 pH 8.0, 300 mM NaCl, 10% glycerol, 20 mM imidazole) per 1 L of culture. Cells were2 5 snap-frozen in liquid nitrogen and stored at -80°C until use. Pellets were thawed at 37°C 551 and lysozyme was added to 1 µg/ml and MgCl 2 to 2.5 mM. Cell suspensions were left on 552 ice for 45 minutes, then sonicated and centrifuged for 30 minutes at 15,000 x g at 4°C. 553
The protein supernatant was filtered and loaded onto a HisTrap FF 1ml column (GE Life 554 Sciences) pre-equilibrated with CBA. The protein was eluted with 30% Column Buffer 555 B (same as CBA except with 1M imidazole). The protein fractions were combined and 556
His 6 -Ulp1 (SUMO protease) was added (1:500 Ulp1:protein molar ratio). The protease 557 and protein fractions were dialyzed overnight at 4°C into CBA. Cleaved protein was run 558 over the same HisTrap FF 1mL column equilibrated in CBA and the flow-through was 559 collected. Flow-through fractions were dialyzed overnight at 4°C into Storage Buffer (50 560 mM HEPES-NaOH pH 7.2, 150 mM NaCl, 10% glycerol). Dialyzed protein was then 561 concentrated (if needed), snap-frozen in liquid-nitrogen, and stored at -80°C. 562
563
RBB labeled sacculi preparation 564
Sacculi were prepared from strain EG865 as described in [23] . C. crescentus cells were 565 grown in 1 L of PYE at 30°C, collected at an OD 600 of 0.6 by centrifugation at 6,000 x g 566 for 10 minutes, and resuspended in 10 ml of PBS. The cell suspension was added drop 567 wise to 80 ml of boiling 4% sodium dodecyl sulfate (SDS) solution. Cells were boiled 568 and mixed for 30 minutes and then incubated overnight at room temperature. Sacculi 569 were then pelleted by ultra-centrifugation at ~80,000 x g for 60 minutes at 25°C. Pelleted 570 sacculi were then washed four times with ultra-pure water and resuspended in 1 ml of 571 PBS and 20 µl of 10 mg/ml amylase and incubated at 30°C overnight. The next day, 572 sacculi were pelleted at ~400,000 x g for 15 minutes at room temperature, washed three 573 2 6 times with ultra-pure water, and resuspended in 1 ml of water. The sacculi suspension 574 was labeled with 0.4 ml of 0.2 M remazol-brilliant blue (RBB), 0.3 ml 5 M NaOH, and 575 4.1 ml of water, and incubated at 30°C overnight. The labeled solution was neutralized 576 with 0.4 ml of 5 M HCl and 0.75 ml of 10X PBS. Labeled sacculi were pelleted at 577 16,000 x g for 20 minutes at room temperature. The pellet was washed with water until 578 the supernatant was clear. Blue-labelled sacculi were resuspended in 1 ml of 0.2% azide, 579 incubated at 65°C for 3 hours, and then stored at 4°C. 580 581
Dye-release assay 582
The dye release assay was adapted from [23] . Briefly, 10 µl of RBB-labeled sacculi was 583 incubated at 30°C for 3 hours with AmiC, LdpF variants, DipM variants, or FtsX ECL 584 singly or in combination. All proteins were used at 4 µM. Total reaction volumes were 585 brought to 100 µl with PBS. Lysozyme (4 µM) was used as a positive control. After 3 586 hours of incubation, reactions were heat inactivated at 95°C for 10 minutes and 587 centrifuged for 20 minutes at 16,000 x g. Supernatants were collected and the absorbance 588 was measured at OD 595 
